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ABoT.JiCT 



In thio thesie the tortional-flcrural rospons© of a tirD-di’ieii- 
sional airfoil to forced oecillatiorxG of vnriouo frequencios and at 
variouc airsi)oeds is invest igntod, Tlic airfoil ol.ose^i has ch&racter- 
istica '.Tliich oro of nodem AMoricon transport trinco, and th® 

speeds cowr t>iO range fron zero airspeed up through tho opooda for 
torcional-floxural flutter and torsioml divergence. 

In the latter part of this thesis, curves arc plotted shoiring 
tho effects "vdaich changes in the assumed wing paranoters liavo on tl\o 
torsional-floxural flutter speed and the torsional divergonoo speed. 



INTRODUCTION 



A study of tho phonononon of flutter of an airfoil in an airctroon 
loads nt once to t!.o oo.iclucion tliat it io very complicated in nature 
and oonsoviucntly practically Impossiblo, or at loact very difficxilt, to 
visualize clearly. The equations of motion of an airfoil oooillatinc in 
on airstrean havo been derived by a number of invcGtisators; and tho 
conditions at flutter, or at t>ie limit of stability of tho v/iag, have 
been investigated. In this thesis, tlio conditions '.Thich exist at 
velocities and froquoncios other than flutter are investigated in hopes 
that such an investigation vdll shed additional light on tho nature of 
flutter and how it develops, 

Tho typo of flvrttor selected for this investigation is the tor- 
sional-flexural typo or one vjhich involves tho bending and tYdlsting of 
tho vring. Such a system is one of two degree s of freedom. The min 
difforcnco botwoon the oscillating \ving and tho usual type of oscillating 
system that vro are accustomed to consider is tliat the wing in itself is 
not a conservative system, for undor tho proper conditions it vd.ll absorb 
energy from tho airstroom, and it is tliis fact that naicos flutter pos- 
sible, The flexing and tr-dsting of tho xdng in tho airstroom cause the 
aerodjoianic forces and momonts on the vdng to cluuigo. Those changes in 
turn cause the tring to flox and trdst. In general, tlio mgnitudo and 
phase relation of these changos aro fxmetions of tlic volocity and fre- 
quency. Tho rsajority of tho tine, tho net effect of these forcos and 
nomente is to damp tho oscillation, but undor oortain conditiono their 
phaoo relations my bo such that they have a negative daiaplng offoot 



and cause the oscillations to build up. This condition iro call flvitter. 

Host of the theoretical investigations of flutter have been tiro 
dimonsional, that is, the variations of the paramotors along the v.'ing 
span have been neglected or at the host averaged. For this reason, and 
because the paraiaoters involved ore difficult to dotomlne, it has been 
suggested that it aay bo possible to detenaine tho flutter speed of an 
actual plane by plotting o\irves of the natural frequency of the rrlng in 
bonding and torsion against airspeed and then extrapolating those curves 
to intersection under the supposition tlmt tlie speed at T.iiich tho t»vo 
natural frequencies ooinoide is tho flutter speed. The nature of the 
curves must be knovm in order to porfom this o:rt;rapolction and rd.ll be 
investigated in this thesis* Tlie natural frequencies could bo dotormlnod 
in flight by laoans of a forcing oscillator and pick-up or by moans of a 
pick-up alone allowing the accidental "air bumps" to cot the rdng in vi- 



bration 
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IIOTATIOIJ 




d! • dictanoe of th* olastio axis behind the quarter chord point in 

fraction of chord, 

o - distance of the center of j3*aTity or inertia axis behind the olas- 

tlc axis expressed ae a fraction of the chord, 
e • olastio axis, i.e, the point at Trhioh an applied force Tdll produce 

no rotatiem of the wing. 

k - eprijag constant of the wing in bonding of flexure (force/unit 

■vortical displacement), 

T/^« torsional constant of the •nlng (torquo/radian). 



P 



■ k or the "olastio radius" angular doflootion of 'the vrfng, 

• vortical dioplaoesaent of any point J of the vring, positi'vo up, 

• circular frequency of oscillation (radians/sec). 




natviral frequency of the *iHlng in bending noglecting the offoot 



of the apparent mss of tho air 
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P 



( ) 

L 

I 



« nass of Y/ing per \uiit sxxxn. 

«• "apparent mss of air", i.e. the mss of the oircvcacoribed 
cylinder of air one unit in length, 

• fonmrd velocity or airspeed, 

■ V ” reduced velocity. 

P o 

- A^IB - a ooKiplex function of the reduced velocity •v’riiich enters 

into the consideration of the effect of the r;ako 
on a TTlng in steady state oscillations, 

«• static response, tliat is, the response at P ■ 0 and v ■ 0, 

■ vortical oscillatory force applied at the point j, positive up, 

- nosaent of tlio applied force about the point J, positive nosing up, 
•nass density of air, 

• .25 chord point, 

• ,50 chord pointy 
-175 chord point, 

- lift force 

- ntenent of inertia. 
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S .LATIOIIS FOn TORSI UN^\L>1^EXURAL OSCILLATIOI7S 

The oano to be considorod ic a trro-dlnonaional one v/horo the 
airfoil is aosuned to have uniform choractoriotlcs alone "tbo span 
and to bo infinitely long. 

Tlie aorod^mamio forces and momonts on an airfoil in steady state 
oscillation are as follows* 

(1) The forces and aments wiiich arise from tho fact that a cer- 
tain amount of air around the v/ing also must bo accelerated Yiiion tho 
nang ic accoloratod, Tho "apparent" mass of air involved v.tien the wing 

is accelerated perpendicular to its chord is equal to or 

4 

tlio circunscribod cylinder of air. Tho "apparent" moment of inertia 

of air vr.ich ic tlic onount involved in angular accelerations of the 

vfing is equal to “ aoo^ , 

128 

(2) Tho changes in tho lift and moment due to vertical velocity, 
the oiig-^lar velocity, and tho angular rotation of the r/ing considering 
tho notion as quasi-steady, that is, tho motion is considered alow 
enough to allo\? the circulation or lift to follo'.v the changes. 

(3; Tho forces and nomonts \diio7i arise from tlio effect of tlie 
vortices cl.ed by a v.*ing in steady state oscillation. This classification 
ic that suggested by horoMi ai'.d 3cars in rofcroncc (l). 

nio above considorations resxilt in the follov.'ing forces and 
nonento on an airfoil in steady state oscillations: 

At 25 per cent of the chord 
L - a^cv2 (<{» - : 



V 



c 



At 50 por cent of tho chord 



L • n yOo‘ 



(ill + 



At 75 por cent of tho chord 

L ■ nPc^ T <S> 

4 

Honent couple 
M ■ n yO o “ ^ 

-*w • 



vfhoM (*) and (**) are the firsrt and second tine derivatlTes. These 
relations have been dori-red by Lombard in reference (2), 

In addition to tho aerodynamic forces, the following elastic 
and inertia forces Trill act* , 

(1) Tho moments and forces arising from the deflection of tlio 
elastic axis and the rotation about the elastic axis. 

F « and M *• 

( 2 ) The forces and mcaaonts arising from the inertia and moment 
of inertia of tlw Tiring's mass. 

F and II • -I ^ 

Using those forooc and nonents, Lombard in roforonce (2) has sot 
up the equations of equilibrium for a two-diraojisional Tring in steady 
state oscillation. Tho derivation assumes no structural damping and 
small oscillations, tho latter condition allovring second order and 
higher terns to be neglected in certain instances. The equations are 
as follovra* 



(la) "yhf'*' 

mp *- p p oj 

+ To r - £) + (£:+a-l - 1 )i? 2-4 P 



7 ijT p: 



" P cj 
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(lb) + a, 25c - yiiT- ^ 1 ^£ +(£ + a + 

cmp ^ 4^j. 

+ (poj^ -^2.^ ^ (l_ -f)-i^^+ 1 Py + P^^ip+(£-‘x^)(^-£-c)+ ^1. J 

In tho aboT® ©qxjations the barred qutmtities are vectors rotating 
in tho oonplox piano at an angular velocity Pi Tho real ports of those 
vectors represent tho actual quantity and thoir relativo angular posi- 
tions detomino their plua.se relations. This use of the oonplex plone is 
ccemon practice in laany fields of engineering, ©specially in electrical 
engineering, and it is particularly adapted to vibration problms, A 
thorough explanation of its use is given in "Uochanical Vibrations" by 
J, P, Den Hartof, 

To detemino tho linit of stability or flutter conditions tho ap- 
plied forces and aoments are sot equal to sero. 

Tho equations then linve the forrai 

0 " ^ -^11 + <><5 “^12 
® “ Yh ^21 ^ ■^22 

In order that thei*o be a solution other than 0,0 the determinant 
of the cooffioients of y and must equal soro, and sinoo this involves 
oonplox quantities, v,-© obtain two equations to detormino V andPfron tho 
condition tJmt both tho reals and imaglnaries must equal zero. Since P 
cannot bo oxprossod explicitly, the equations oonnot bo solved explicitly, 
but uassner and Fingado in roferonoo (3) have provided ourvos for the so- 
lution of the equations, 

Tliis solution gives only tho conditions at flutter speed and it ic 
desirable to investigate the conditions trtiioh exist at other speeds and 
frequonoies. 



o: 



Bocauso of the nxmber of poranotere vrf^iioh enter into th» equi- 
librium equations, it •wac nooessary to assume certain numerical raluos 
for all of then except the velocity of flight and t3i* froqueiaoy of 
vibration, la choosiiig those numoriool values an attempt nao made to 
select ones which Tjcre t^/pical of modem American transport airplanes. 
The values soleotod wr© as follows* 

li Elastic axis at 36 per cent of the chord, l,e, £■ 0,10 

2, Center of gravity of t/ing at 40 per cent of chord, i,e,, 

£ + <7 • 0,15 

3, Radius of g^rration of wing «y^0G25c^ i,oi ip • 0,0626 

4, Bonding frequency at zero airspeed, neglecting the apparent 
mass of tlU; air 

300 cyclcB/nln » lOJt rod/ceo 
I ? 

Elastic radius “y 0,50 i.e,, • 0,60 

Gi I'latio of the mss of v.dng per unit length to the apparent mass 
of tJio air li ■ 6,00 

7', ’<^ing chord « 7,5 ft, 

8, t.'iaag weight • 2,7 Ibs/ft 

Then by Ivaosnor Flngodo Chart flutter occurs at; 

^ "57,2 rad/soc 

v/o » 73,2 l/soo corresponding to 574 i^h. 

V - 1.28 

P-ctuming now to the equations of oquilibrlicn (la) 1: (lb) and 



substituting tho vdng paroaoters, we obtain; 
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A, 



(Cr) + - yv r+ 997 + 0.667 i^Y P-1.167 ^ + ?o [+396-0.667 Y^ P 

^ O 0^ 

-0.167 IPy- 0.3917p2j 

^ 1- A,, 

(2b) + M.250" \ -98.7 + 0.1917 ♦ ^o[+ 454-0.00*8^2+ o;0833 i>^rl 

oap ^ 0 J 



llotoi Phis notaticjn of •^g» <loo8 not agree exactly with the 

notation of Aj^2» ^ Lombard's report. 



DEriSTilNATIOIf Oj;.: K0I2.1AL MODES AT y»0 

Sotting Y « 0 in oquatidns (2) we obtain: 

(5a) + ^ [^+ 907 - 1.167 P^+ To f 396 - 0.3917 

(3b) + M.250 ■ ~^[- 96.7 + 0.1917 P^+ To 454 

cap 

To determine the natural frequencioa of vibration ire set the 
detominant of the ooeffioients of y and to zero and obtain thb 
frequency equatlcai: 

- 8030 iP 2 + 6^030,000 - 0 
the roots of irlvlch are: 

P =• 29,0 rad/soc 
P " 84.8 rad/seo 

!Iov using equation (3b) and substituting 29*0, we obtain 
0 - 7h [- 93,7 + IClJ + To [+ 454 - 4,qi] 

<>o • -.138 

This equation in satisfied if the wing osoillatos id.th a nodal point 
6,5 choi'd lengths alioad of tlie loading odgei 



- 0,0040/^^ 
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Again usia{; oquation (ob) and substituting P ■ 84,8, obtain 
0 - yj^ [-98.7 + 1370j + To [* 454-34. sj 
To “ -3,05 

Tills equation indicates a nodal point at 42,8 i>er cent of the chord 
behind the leading odgo. 

If on oscillating force ic applied at tho nodal point of one 
uorcial node, the resulting vibrations vrill be in the otlier noma.l node, 

V/o Y/ill no\7 shift the flexui'al coordinate of our equations froa 
yji y,A22o* froa tho gecoetry of the sot-up, rre obtain 

^h • y.422 “ *^28 To 

v,'Mch r.hon substitutod in equations (2) results in« 



(4a) 



-f h_ 
mr- 



7 ,,,. [ 



(4t) J J 

i’urther tra^isfoiTaation vrill place those equations in a noro 
usefxil fom, iiotiiig that 



"I 



— C ,5o 



!.I 



W fy 



- 7 X G.75o 



and substituting (4a) and (4b) in this, vre obtain* 



O rr/ /z 



or 






LikciTise I 

«7 T» 

Gubctitutod in, result a in 



+ 7 X ,172o -niiioh v.iion (4a) and (4b) are 



(Sb) /yz4,- b2 4 J 



that 



6.92^^4220 - _ ^6. Go 

6 « ^S'c21p 

So ■ ^«422o » equaticaio (5) tlion reduce to the follovring 
^ <=«F 



when the values of the A'e frcci (2) are introduced, 

. 

(6a) L21I-E - i-i-c - ^zt. [~+ /OOZ v-O. (oi>7J.t^Ptr/^ - /, ! ‘f S 1 

-J 

i- <pc j~_ - 0./79^P'<^/c - 0.<oG7P<ryczJ 



_ i^Z( ^ 

(6h) GP/Z /'-( L.sc _ /w y/. / -f p/^-o/c - . 0090 7 

/7A - O'^L -I 

_ 

y-<^C 1^49? f ,0S4 7y. P<r/c - O.OZ7Q,ZOP-<r^~.ll47 P<r)(.^-.0<^ 

Equations (C) are not actually in the normal fora at soro velocity, 
bocauGO the normal ooordinates are y xoo» and y /. r » since the 1st- 
tor point does not lie on the wing, and since it is desirable to retain (J 
as a coordinate in ordor to better visualise the notion, tho equations 
have boon placed in this fora, 

Tlva oquations of notion are nerw such that ■wo can obtain tho two 

principal nodes of oscillation at zero airspeed by setting eitlier F 4^20 

or F ^ equal to zero, thus applying the oscillating force at a nodal 
• oc 

point. Tlic resulting oscillationE t/ 111 be about tho opposite nodal point. 



i:ODE J[ 

To produce Tdiat rfc shall call liode 1, we apply an oscillating 
forco of tho fora F'cosPt, or in tho cooplox plane of tho fora F'e^^^, 
at tho ,422 chord point, and in order to express tho amplitude of re- 



flpoase in e. fora wliioh ie indopendont of the aagnitudo of the appliod 
force, vro divide by the static deflection, •wiiioh this appliod force 



would produce if the airspeed (v) and the frequency wore seroi 
Equatione (s) then beooaao 

(7a) [M,] 

(7b) 6, __ ^ + 



(7o) 


§,^zz = f 


Bsz p'^- 








(7d) 


= - 


-P-Jl Ae " 




CpC 


^z//a , 












(7e) 


(^a 


Bzi_ 










^ ,-^zz 


3zz 










where ^ 


1 




B„B,r 








1 







tmd ( doaotOB the static deflection^ 



t p t. 






13 



MODD Z 

In a elnilar noimor vro can produo® Mod® 2 by applying tho osoil- 
latlng fore® at the -6,5 chord point. 



(Oa) y.gxiT A,,;, O ^ [ ^"7 7 

(Gb) [■ J 4 «5c 

(8o) 

^ ^ (4/^X 

(ad) ^ ^ 

7^1 

(8o) .^£il£i , _ <5/' 

4c B.,' 

vrher© A and ( ), have tho saao aignlfioanoo aa In Ilodo 1, 

In equation (8o), tho flexural reoponao has boon divided by tho 
static angular reopens® booauso tho static floxural recponac of th® 
,422c point is zero. 



?j:3roiTSE OF Tin: ~mio at v;jiious \t2LOcitie3 aijd 

FPJj^UniCIES 

Tlio above equations enable uo to obtain rooponoe curves for tho 
\/ing at any velocity, Tho procedure follcnTod in obtaining tho roaponco 
c-arvee in this thooia vms first to cliooso a value of v/o, Tliis was 



substituted in equations (?) and (6)« Values of P frosa 0 to 120 
in steps of 10 v^nre then assumed and the value 7 detemined frcm 
the corresponding V ■ v/po. This enabled us to calculate the fJ's 
and hence the deflections, Tlie calculations arc, of course, in 
tl» complex form, Tlie deflections plotted aixj the naxictun deflec- 
tions} that is, tho nodulus of y and 
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TORSIOIIAL DIVKKGEIICE 



Torsional divsrconoo ■will occur in tlio wing v.lien th« rat* of 
ohango of noeont of the aarodynanio forcas with recpoot to a change 
in the angle of attnolc ezcoeds the rate of ohange of tho elastic re- 
storing moment vd.th respect to a ohonge in angle. 

In order to dotomino tho voloolty at vdiloh this dlTorgenoe 
occurs, v;e must dotemino tho ■velocity at which A of our oquatlon* of 
notion beccnaos equal to aero at zero froquonoy, since this is the fre- 
quency at which divergence occurs. 

Thon noting that atP* 0, 



V - ■ oD oad 7 ■ 1, tho A of equation (la) and (lb) 

o 



hoc CEOS 





= o 




from 7(h.loh we obtain 




Substituting our parameters 




“ 86 X 7,6 ■ 646 ft/seo ■ 440 a.pih. 



Response curves for this velocity have been plotted^ 



1C 



pjjspoiiSE oi' iiiE .a:iQ '.aTn o:ffi DCG^iCi: o? FtiEEDa! 



..e can obtain on esiviation for the total a;)^>liod farce on tho 
vflng by adding the force at ,422o to tlie force at ~G,5o, Then by 
using equations (G), vd obtain 

f^ToTAU _ ‘fX.iiC. ^ 

I7I/Z ^77 



(9a) 



F, 



Total. 










^ / /.OZb (o.9'(L 



If TO) no’vT sot *^c equal to zero, tro Tr/ill obtain on equation for 
tlie motion of a vring rdth infinite torsioruil rigidity. By setting 
<})0 • 0, T.’e imply that v.'e are applying the force so tluit its noment 
vai'iOB in such a raanaor thnt tho noraont equation (Ga) or (Gb) is also 
satisfied for " 0. 

Equation (Oa) is equivalent to equation (4a), but as tlio D^s 
have already boon calculated, it is the more convenient fom, 

'•errr again applying an oscillating force of the fona F' ooa>^t 

iP t 

or F’e in tho complex plane and di’/lding tlv 3 response cuaplltudo 
by the static response, v«t) obtain 



(3b) ~ A'e"’"- ^ o[c,^] 

(90) 



(9d) 







•'"‘•‘Jo 



e 



(Flexure only) 
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l^oturniiX2 equation (6b) and sotting y 

zero, wc obtain the equation of notion of the wing v/lth the 
uoint fixed. 



equal to 
,422 chord 



(lOa) C .7Z 

^ C rr/ ^ 






It is alco implied that wo oro applying a force at the ^422 chord 
point of such variable magnitudo tlaat equation (6a) io satisfied for 
the condition y^^22 “ 

Then applying an oscillating moment of the fora 1.1* cos Pt, or 
i t 

Il'e in the complex piano, and dividing the response by the statio 
response, xro obtain* 

,, / < t 

(iCJb) <)!>c = 

3zz 



(lOo) 



<t>C (5^;c)o 



e 






( ,422 chord point fixed) 



Response curves for the above tro) modes of oscillations have 
been plotted, Uio o;.iplitudos plotted ore tho maximum values or 



modulus 
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Discussion OF nc: rkspoiise curves 



The respouse curves for one dogroe of freedom aa ahcnm in 
Figvirea 1 and 2 oro tyi>ical fardLlioe of doii^jed osolllatlons vdth tlie 
doraping increasing with airspeed. The torsional response curves chow 
the effect of tho torsional divergence phenceaenon near zero frequency 
Tfri.th the response booctaing largo at 332 ia,p.h, rdiich is slightly below 
the divergence speed of tho vdng trith tho ,422 c>iord point fixed. At 
speeds above this, the deflection is actually opposite to tho applied 
force vdiich moans that a force must bo applied to keep tlie wing froia 
diverging • 

The response curves given in Figures 3 to 11 for Hode 1, or the 
mode ■wiiich at zero airspeed is predominately flexural, indicate that 
natural frequency of flexure vdiioh occurs at zero airspeed is daiaped 
out as tho airspeed increases, Tlic damping is even greater in the 
tvfo degrees of froedoa than in tho one degree of freedom oas© discus- 
sed above, It sliould bo resaenbered in examining these curves that as 
soon as the airspeed is other than zero, the loodes are no longer nor- 
mal modes, and wo are obtaining same oross responses. The peaks on 
the right of the curves of response of y ^ force at the ,422 

chord point are of this nature since they arise from tho or tor- 
sional roaponse, 

Tho curves of Mode 2 or tho torsional nodo at zero airspeed, as 
given in Figures 12 to 19, indicate tliat the torsional oscillations are 
increasingly darntjod trf.th increasing airspeed and tliat the frequency of 
noximm response movos to tlie left or docroasos. However, as the ■ 
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flutter epeod ie approached, tho do-nping bocomos l*so and the anplitude 
builds up. Tho curvoe for 440 la.p.h. indicate torsional divorcenco oo- 
curinf^ at aero frequency. 

As stated in t3io introduction, one of the purposes of tliis invoa- 
tication rraa to detomine the possibility of predicting tho speed at which 
flutter would occur by plotting t>ve natural torsional and flexural 
froquoiioios at various airspeeds as doteminod by flight tests. If tho 
frequency at which the mxiinun response occurs at any given airspeed is 
called tho natural frequency ajid these froquonoies plotted against air- 
speed, tho curves will be tliose wiiioh would be obtained by flight tests 
and are sliown in Figure 21. It can bo seen at onco that flutter does 
not occur wiiore the torsion and flexural curves intersect, but that tho 
flexxn*al node has been danpod out, as tme pointed out before, and that 
flutter ocevurs at a point on tho torsional curve without \mming other 
than a building up of tho aaplitude of response. This nethod of attonpt- 
Ing to predict fivrtter appears to bo irapraotioal. 



FIGURE 1 
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FIGURE 2 2/ 




FIGURE 3 
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FIGURE 4 
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FIGURE 5 







FIGURE 6 
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FIGURE 7 
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FIGURE 8 
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FIGURE 12 
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FIGURE 13 




FIGURE 14 




FIGURE 15 
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FIGURE 16 55 




FIGURE 17 , 18 , & 19 
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FIGURE 20 
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BFKDCT OF CUMIGBS III TUB VARIOUS Yflllg FARAZOSTERS 

In order to obtain soase idee of the iiaportanco of the veriovie 
pareineters and to inTBstigate the effects vriiioh changes in these pora~ 
Eietors -alll ha-ve on tlie torsional flexural flutter speed and the tor- 
sional diTorgeaoe speed, one paranetor at a time has been varied wliile 
holding the ronalning tying paraaoters at the values chosen for the re- 
sponse investigation. ^ use of the Kaosner and Fingado chart of 
reference (S) for flutter speed and the previously derived equation for 
torsional divergence speed, curves have been plotted shoyring thoir 
variaticm and are given in Figures 22 to 29, The circled points in- 
dicate the basic wing, 

Tlte torsional divergence being non-dynanio in nature is rather 
easy to visualixe. Obviously the bending frequency and inot^iia axis 
have nothing to do with torsional divergence hence tho torsional di- 
vergence speed rooains constant as they oro varied. Increasing the 
wing T.-eight while holding the torsional frequency constant or increas- 
ing the torsional frequency while holding 1 and nip, i,e, tho nioiaent of 
inertia, constant nieans tlmt the torsional stiffness and hence the 
divergence speed is increasing, Moving the elastic axis back on tho 
wing in effect gives tho aerodynanio forces, which oon be considered 
as acting at the quarter chord, a longer maaont ara and henoe dooroasod 
tho divergence speed. Of course, tho elastic axis at tho quarter chord 
point would result in on infinite divorgeneo speed, jbi incroaso in 
altitude docroasod the aerodynanio forces on tho T/ing at a given speed 
and thus increasoa tlie divergence speed. 
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The roaeons bcJiind tlie chaagoe in tlio flutter epeede are very 
conplox end on ozplonaticBi \vill not be atte:npted. the follov/- 

ing pertinent points should bo notedi 

1, The flexural frequency or stiffness is apparently of ninor 
inportanco , 

2^ The flutter speed increases vrith increased torsional frequency 
in nearly a linear relation. 

3, TIovinp, the elastic axis to the rear increases the flutter speed. 

4. The position of the inertia axis has a narked effect on the 

flutter speed, a foin-.xird position being favorable. 

5 1 Fron the curve oho'>‘rf.ng the effect of ol'.engcs in the radius of 
gyration of vring, it should be noted tlmt even at zero 
radius vrhich corresponds to a high torsional frequency the 
flutter speed is still quite noninal. From this 'ro can 
conolude that tlio rmjor effect of increased torsional fre- 
quency cones from an increase in torsional stiffness, 

Gi Changes in mng vroight have a peculiar effect. Since the fre- 
quencies have boon hold constant part of the effect can be 
attributed to the fact that tlio stiffnesses nust change as 
tlio troight is varied, 

7, The flutter speed increases vdth altitude, 

8, It should bo rononberod that a definite v^lng has been oonsidored 

and tliat only one pai'anotor has been varied at a tine. If 
anotlior vring i-nero considered, or if tvro or more parameters 
v.-oro varied at one tine the changes in flutter speed and 
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ovon their ohoraoter night wbII bo difforont. It trill 
bo noted that the effect of noting the elastic and inertia 
o:cea slnultanooucly la not the svca of the effects of noting 
then inditidually. 
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